Wolbachia form a group of closely related intracellular Proteobacteria that manipulate reproduction of their arthropod host in various ways. They are widespread in insects, but have not been not looked for in other arthropods except a few isopods and a predatory mite. Recently, Wolbachia were demonstrated to be widespread in mites also. Here, I report that Wolbachia induce cytoplasmic incompatibility in two spider mite species, Tetranychus urticae and T turkestani, in crosses between infected and uninfected individuals. Uninfected mites were derived from the infected lineage by antibiotic treatment. Similar to other examples of cytoplasmic incompatibility, subsequent crosses between uninfected (cured) female and infected male spider mites were different from all other cross combinations. This suggests that the dynamics and evolution in Wolbachia-mite relationships may share many features with the Wolbachiainsect systems. Interestingly, the incompatible cross showed high F1 zygotic mortality among females, but not among males. This zygotic mortality in the haplodiploid spider mites was in sharp contrast to the phenotypic effects of cytoplasmic incompatibility reported previously in haplodiploid insects. In the latter, cytoplasmic incompatibility results in all male or male-biased offspring because of haploidization of the fertilized egg with little or no zygotic mortality. Possible explanations are low bacterial densities and the different, holokinetic chromosome structure in spider mites.
Introduction
Wolbachia are a group of closely related intracellular bacteria that manipulate the reproduction of their arthropod host in various ways which promote their spread through the host population. Wolbachia are typically localized in the reproductive tissues of arthropods and are maternally transmitted through the egg cytoplasm. So far, Wolbachia have been implicated as the causative agent of postzygotic reproductive incompatibility (or cytoplasmic incompatibility) in many insect species and an isopod (see Breeuwer et al., 1992; O'Neill et al., 1992; Rousset et a!., 1992) , parthenogenesis in parasitic wasps (Stouthamer et al., 1993) , and feminizing genetic males in isopods (Rigaud et a!., 1991) . In a few cases Wolbachia do not have an effect on host reproduction (Giordano et a!., 1995; Turelli & Hoffmann 1995 
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Finally, many more insect hosts are known to harbour Wolbachia, but their effect on host reproduction has not been determined (O'Neill et a!., 1992; Rousset et a!., 1992; Werren et a!., 1995a,b) . They are widespread in insects, occurring in 15 per cent of species examined (O'Neill et a!., 1992; Werren et a!., 1995a,b) , but outside the insects they have only been reported in a few isopods (Rousset et a!., 1992) . Recently, Breeuwer & Jacobs (1996) established that Wolbachia are widespread in spider and predatory mites, but their effects on mite reproduction have not been studied.
Wolbachia exploit two routes to increase in frequency (proportion of infected hosts): (i) conversion of genetic males into phenotypic, functional females as in a number of isopods or female parthenogenesis (thelytoky) in several parasitoid wasps. Everything else being equal, this will directly increase the frequency of the Wolbachia-transmitting sex, the females, in the host population; (ii) reducing or preventing production of uninfected offspring.
This phenomenon is called cytoplasmic incompatibility and results in zygotic mortality in diploid species (Laven, 1967; Hoffmann & Turelli, 1988; O'Neill & Karr, 1990 ) and male-biased or all-male offspring in haplodiploid, hymenopteran species (Richardson et a!., 1987; Breeuwer & Werren, 1990) .
Cytoplasmic incompatibility is typically observed in crosses between males infected with Wolbachia and uninfected females, and results in a reduced number of surviving hybrid offspring, relative to all other, compatible, crossing combinations between infected and uninfected individuals. This phenomenon was first discovered in Culex mosquitoes (see Laven, 1967) in which certain crosses resulted in complete or partial embryonic death of offspring. Currently, cytoplasmic incompatibility caused by intracellular bacteria has been demonstrated in a large number of different insect species (see Breeuwer et a!., 1992; O'Neill et a!., 1992; Rousset et a!., 1992; Werren et a!., 1995b) and an isopod (Rousset eta!., 1992) .
The precise mechanism of cytoplasmic incompatibility is not known. In the parasitic wasp Nasonia, cytoplasmic incompatibility results in improper condensation and fragmentation of the paternal chromosomes in the first mitotic division of the fertilized egg (Ryan & Saul, 1968; Breeuwer & Werren, 1990; Reed & Werren, 1995) . Similar abnormal mitosis has been observed in Drosophila simulans (O'Neill & Karr, 1990; Callaini et a!., 1994) and Culex pipiens (Jost, 1970) , indicating that the same mechanism may be operating in diverse species. Apparently, paternal chromosome loss restores the haploid status of fertilized eggs in haplodiploid Hymenoptera, because they develop into normal males. In diploids, chromosome loss results in aberrant development eventually leading to embryonic death. Thus, male-biased sex ratios and/or high zygotic mortality, may be an indication that Wolbachia are involved. Such incompatibilities have been reported in both spider mites and predatory mites.
In spider mites as well as in predatory mites, there are several reports on embryo mortality and malebiased sex ratios of F1 offspring in crosses between populations in several species, such as Tetranychus urticae (de Boer & Veerman, 1983; Young et a!., 1985; Gotoh et a!., 1993) , T neocaledonicus (Gutierrez & van Zon, 1973) , the T telarius-bimacu!atus complex (Dillon, 1958) , T quercivorus (Gotoh et a!., 1995) , Panonychus ulmi (Gotoh & Noguchi, 1990) and P citri (Osakabe, 1993) . Intracellular microorganisms have been demonstrated cytologically in the spider mite T urticae (Sologic & Rodriguez, 1971 Wolbachia has been demonstrated in a number of mite species, it is unclear whether they can induce cytoplasmic incompatibility in mites (Breeuwer & Jacobs, 1996; Johanowicz & Hoy, 1996; Tsagkarakou et a!., 1996) . Here I report on Woibachia in two species of spider mites, Tetranychus urticae and T turkestani, that cause unidirectional cytoplasmic incompatibility between infected and uninfected spider mites.
Materials and methods

Mite spec/es
The spider mite T urticae was originally collected from tomato plants in a greenhouse in Naaldwijk, The Netherlands in 1992. This is the same strain that has been extensively studied by Gotoh et a!. infected with Wolbachia based on a PCR assay described below (Breeuwer & Jacobs, 1996) .
PCR assay for Wolbachia
Wolbachia infection in individual mites was determined by the presence of an amplification product of part of the ftsZ gene using a primer pair that was specific for Wolbachia (Holden et al., 1993) L ddH2O). The PCR master mix was prepared in one batch and then added to each DNA sample.
PCR was run on a Hybaid thermal cycler under the following cycle conditions: one cycle (1 mm at 94°C, 1 mm at 55°C, 3 mm at 72°C) followed by 35 cycles (15 s at 94°C, 1 mm at 55°C, 3 mm at 72°C). After PCR 4 L of amplified reaction product was run on a 0.7 per cent agarose gel stained with ethidium bromide to determine presence and size of amplified DNA.
Antibiotic treatment of spider mites
Female spider mites infected with Wolbachia were collected as (virgin) teleiochrysalides and upon emergence placed in a feeding arena. This arena consisted of two rectangular pieces (width x lengthx height = 5 x 10 x 0.5 cm) of perspex with a 4 cm diameter hole in the middle. Parafilm was stretched out over the hole of one of the perspex pieces and a few droplets of 1 per cent glucose solution (with or withOut 0.1 per cent w/v tetracycline) were placed on top of the parafllm above the hole. Another piece of parafilm was stretched out covering the solution. The second piece of perspex was placed on top, enclosing the solution between the two layers of parafilm and the edge of the hole. The resulting chamber was closed off with a piece of glass.
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Females were placed in the chamber between the paraflim/sucrose sandwich floor and the glass roof. Females were observed to pierce the parafllm with their stylets and feed on the solution underneath. This was evident from the peristaltic movement of their intestines. They were allowed to feed on the solution for 24 h. After treatment, females were transferred to fresh bean leaves and allowed to lay eggs. Subsequent offspring were subjected to the same treatment as their mothers. This procedure was repeated for three generations. In the third generation, 30 treated females were individually placed on bean leaf discs, diameter 24 mm, and allowed to lay eggs for 4 days and removed on day 5 for PCR assay. All females tested negative for Woihachia in the PCR assay and their offspring were mixed together and used to start an uninfected lineage. The uninfected lineage has been maintained without further antibiotic treatment.
Effect of Wolbachia on reproduction of the spider mite
The effects of Wolbachia infection on host reproduction in the spider mite were established by combining infected and uninfected mites. Males and females were collected and separated as teleiochrysalides (the last resting stage before the adult reproductive phase). Upon emergence, single-pair matings were set up in all possible combinations of infected and uninfected individuals on bean leaf discs (diameter 24 mm). After 24 h males were removed and females were transferred daily for 6 days to fresh bean leaf discs. On day 7 females were collected and individually tested in PCR assay for presence of Wolbachia. Number of eggs, subsequent offspring number and sex ratio were scored per day per female. A one-way analysis of variance (ANOVA statistical package, SFATGRAPHICS 6.0) was performed for each trait (number of sons, daughters, dead, clutch size, sex ratio and mortality) separately to determine if there was heterogeneity among different crosses with respect to each trait. If heterogeneity was significant, a Fisher's Least Significant Difference test (LSD) was carried out to determine which crosses were different (Sokal & Rohlf, 1995) .
Sex ratios and percentage mortality were arcsine transformed prior to ANOVA analysis.
Results
Both tetranychid species harbour Wo/bachia based on ftsZ PCR assay, consistent with earlier reports (Breeuwer & Jacobs, 1996) . PCR assays on indivi-dual mites collected at different times were always positive, proving the reliability of this assay and showing that the strain is fixed for the infection. To test whether Wolbachia can alter crossability in mites, infected and uninfected individuals were crossed in the four possible combinations in single pair matings and allowed to lay eggs. After 6 days of oviposition, all females from the infected strain were shown to be positive in the PCR assay, whereas all the females from the uninfected lineage tested negative. This confirmed that infection was fixed in the infected strain and still completely absent in the uninfected strain. It should be noted that, prior to the experiment, the cured strain had been without antibiotics for two generations and tested negative for Wolbachia in the PCR assay.
Females that did not produce more than 10 eggs over the 6 day oviposition period were discarded from the analysis. These females were either sterile or entered reproductive diapause (their body colour changed to orange, which is characteristic of reproductive diapause in spider mites). Females that died before Day 4 were also excluded. Fortunately, most sterile females were also the ones that died within four days; a few were damaged during initial daily transfers.
The results of crosses between infected and uninfected mites are shown in Tables 1 and 2 for T urticae (Tu) and T turkestani (Tt), respectively.
Clutch sizes were significantly different, but crosses among infected (I x I) and crosses among cured individuals (U x U) were comparable. This shows that curing itself does not affect fertility of females.
Similar to other examples of unidirectional incompatibility, the cross between cured females and infected males was different from all other crosses.
Percentage offspring mortality was significantly higher (Tu: F3147 = 29.615, P<0.0001; Tt: F3,43 = 208.63, P <0.0001) compared to intrastrain crosses and the reciprocal cross between infected females and uninfected males. Mortality was manifested as failure of eggs to hatch similar to Wolbachia-induced incompatibility in diploid species such as Drosophila and Culex. This result was unexpected. Because spider mites are haplodiploid, incompatibility was expected to have the same effect as in other haplodiploids such as the wasp Nasonia, namely production of all male or male-biased offspring and Table 1 Mean SE offspring production (number of sons, daughters, dead mites and clutch size), sex ratio (proportion females) and percentage mortality produced in crosses (female x male) between infected (I) and uninfected (U) lineages of a Tetranychus urticae tomato strain. N is number of replicate crosses One-way ANOvAS were performed separately for each trait (column), with cross as factor. Comparisons within a column marked with the same superscript (a or b) are not significantly different (P<0.05) by a least significant difference (LSD) test (Sokal & Rohlf, 1995) . One-way ANOVAS were performed separately for each trait (column), with cross as factor. Comparisons within a column marked with the same superscript (a, b or c) are not significantly different (P<0.05) by a least significant difference (LSD) test (Sokal & Rohlf, 1995 the increased number of dead in the same cross between infected males and uninfected females. This suggests that mortality occurred only among fertilized eggs, which normally give rise to females, and not among unfertilized eggs, which develop into males. If the same mechanism is operating in spider mites as in insects, it is possible that paternal genome loss is incomplete in spider mites. Cytoplasmic incompatibility may then result in aneuploid zygotes which are inviable. In conclusion, the results clearly show that Wolbachia can cause cytoplasmic incompatibility in these spider mites.
Discussion
Wolbachia are widespread in insects. Recently, Breeuwer & Jacobs (1996) reported on the widespread occurrence of Wolbachia in spider mites and predatory mites, which appears to parallel the situation in insects. Wolbachia-induced reproductive incompatibility has been postulated as a possible explanation for zygotic mortality (egg hatching failure) and male-biased sex ratios in crosses between geographical strains of the spider mite T quercivorus (Gotoh et a!., 1995) and in the predatory mite M. occidentalis (Hoy & Cave, 1988) . This is the first study that shows that Wolbachia are indeed involved in unidirectional cytoplasmic incompatibility in the spider mites T urticae and T turkestani.
Nothing is known about the cytological mechanism of cytoplasmic incompatibility in spider mites. It probably results in paternal genome loss similar to the mechanism in insects. However, paternal genome loss apparently does not result in haploidization of the egg and subsequent development into a (haploid) male, despite the fact that these spider mites are haplodiploid. This is in sharp contrast to cytoplasmic incompatibility in the haplodiploid parasitoid wasp Nasonia (Ryan & Saul, 1968; Breeuwer & Werren, 1990; Reed & Werren, 1995) , in which paternal genome loss typically results in complete haploidization of fertilized eggs and subsequent development into (haploid) males. There are two possibilities that may explain the zygotic mortality and absence of haploidization in spider mites: low bacterial infection levels and their holokinetic
The Genetical Society of Great Britain, Heredity, 79, 41-47, chromosome structure. showed that embryo mortality in partially incompatible crosses in Nasonia was correlated with lowered bacterial densities during male development. Subsequent incompatible crosses involving such males may not always result in complete paternal chromosome elimination (Reed & Werren, 1995) and produce inviable, aneuploid embryos or mosaic embryos with diploid and haploid nuclei. Chromosomes of spider mites are holokinetic and have a diffuse centromere; microtubules can attach anywhere on the chromosome (Tempelaar, 1980) . In Nasonia, Ryan et a!. (1987) suggested that survival and stable transmission of chromosome pieces depends upon the presence of a centromere. All holokinetic chromosome fragments are in principle able to attach to microtubules and be pulled into the newly formed nuclei. This chromosome structure of spider mites may increase the probability that nuclei become aneuploid upon cytoplasmic incompatibility and prevent haploidization of fertilized eggs. Radiation studies in spider mites showed that pieces of fragmented chromosomes were incorporated into the nucleus, but were unstably transmitted and frequently lost in successive mitotic divisions. This also resulted in increased mortality compared to controls (Tempelaar, 1980) . I expect the occurrence of Wo!bachia-induced cytoplasmic incompatibility in mites to parallel the situation in insects. The nonreciprocal zygotic mortality in crosses between geographical populations of the predatory mite M. occidentalis appears to be correlated with the cytological and molecular detection of Wolbachia (Hess & Hoy, 1982; Johanowicz & Hoy, 1996) . Although the procedure suggested by Werren & Jaenike (1995) to demonstrate unequivocally that incompatibility is caused by microorganisms has yet to be carried out, Wolbachia are likely to be involved in geographical incompatibilities in this predatory mite. Gotoh et al. (1995) reported unidirectional incompatibility between northern and southern populations of T quercivorus in Japan. Based on antibiotic and heat treatment experiments, they dismissed the possibility that microorganisms were involved. However, there are several reasons why these treatments may not have altered incompatibility. Unidirectional incompatibility is typically observed between uninfected females and infected males. Thus, if microorganisms are involved, the northern Sapporo strain is expected to be uninfected and the southern Tsukuba strain to be infected, because Sapporo females are incompatible with Tsukuba males. Therefore, antibiotic and heat treatment of the 'uninfected' Sapporo females is not expected to alter incompatibility with infected' Tsukuba males. Treatment of infected males during development could in principle render them uninfected at the time of mating and compatible with uninfected females. However, treatment of infected males may not be very effective, because compatibility type of males (their sperm) is probabJy determined very early in male development . This may explain why after antibiotic treatment of 'infected' Tsukuba males, they remained incompatible with 'uninfected' Sapporo females.
However, there are other explanations for the afore-cited reproductive incompatibilities in mites. For example: (i) any prezygotic isolating mechanism that results in limited sperm availability may result in a high proportion of unfertilized eggs. Similar to cytoplasmic incompatibility, such eggs will develop into males in haplodiploids and give rise to malebiased sex ratios, but lead to zygotic mortality in diploids; and (ii) hybrid (female) mortality may be caused by nuclear-nuclear or nuclear-cytoplasmic interactions (Fry, 1989; Gotoh et a!., 1995) . Finally, presence of Wolbachia is no guarantee that they are the cause of cytoplasmic incompatibility, because some Wolbachia are incapable of inducing cytoplasmic incompatibility in their host (Giordano et al., 1995; Turelli & Hoffmann, 1995) .
Wolbachia have been suggested to play a role in speciation (Laven, 1967; Legrand et a!., 1986; Breeuwer & Werren, 1990; Coyne, 1992) . The two-spotted spider mite occurs on a wide range of (biochemically) different host plants. Furthermore, this mite is able to colonize and adapt rapidly to new host plants (Gould, 1979; Fry, 1989) . Gotoh et al. (1993) found evidence for host race formation based on host-plant and mating preference and host-plantassociated fitness trade-offs between mites collected from cucumber and tomato plants in greenhouses in The Netherlands. In addition, they showed that some postzygotic isolating mechanism is operating between these two strains, resulting in aberrant F1 sex ratios and increased F2 male mortality compared to intrastrain crosses. Crossing experiments in combination with antibiotic treatment and molecular detection of Wolbachia will easily distinguish between these hypotheses and Wolbachia-induced cytoplasmic incompatibility.
